ABSTRACT: Victim identification using dental records involves antemortem and postmortem comparison of dental charts. Since dental restorations may be part of such records, identifying them accurately is critical. The objective of this study was to compare the diagnostic reliability and validity of two optical methods for identifying tooth-colored restorations (digital imaging fiber optic transillumination (DiFOTI) using near infrared light, and fluorescence-aided identification of restorations (FAIR)) with conventional diagnostic methods. Four examiners identified and charted tooth-colored restorations in three sets of typodonts on the bench using conventional visual and tactile examination, DiFOTI (DIAGNOcam TM ) and FAIR. All examinations were repeated after 4 weeks. Both the sensitivity (95%) and specificity (97%) of the FAIR method were significantly higher than those for DiFOTI (82% and 82%) and for conventional inspection (71% and 82%). In conclusion, FAIR method performed better than conventional examination and DiFOTI, and was more reliable for identifying tooth-colored restorations.
Forensic dental comparison is one of the three principal means of victim identification (1) . Comparison of antemortem (AM) dental records and postmortem (PM) dental features is a key element in this process (2) (3) (4) . The distinctive structure, composition, and location of teeth within the body enables them to survive in conditions where the soft tissues undergo decomposition (5) . The information contained within dental records can be individuating because details of the presence and distribution of teeth as well as the details of restored, non-restored, missing, and decayed surfaces of teeth occur in distinctive patterns.
Accurate identification and recording of the restored and nonrestored surfaces are paramount during postmortem dental charting to ensure the desired outcome (6) .
The availability of esthetic restorative materials with color and optical properties close to those of human teeth, as well as novel techniques such as layering of materials and the use of tints and opaque stains allows dentists to produce restorations that mimic the optical properties of natural tooth structure (7, 8) Using such materials helps meet the esthetic demands of patients for restorations which are difficult to detect with the unaided eye, but at the same time raises the challenge of how reliably these toothcolored restorations can be detected and recorded, both in the AM and PM situations.
The traditional method of detecting tooth-colored restorations is visual inspection, supplemented in some cases with dental radiographs. Visual inspection has poor sensitivity, meaning that the examiner may not be able to distinguish the restoration from the surrounding normal tooth structure (9) (10) (11) (12) . Optical methods based on the interaction of light with hard tissues may aid in making this distinction apparent. Optical methods in current clinical use include light-induced fluorescence, fiber optic trans-illumination (FOTI), and digital imaging fiber optic transillumination (DiFOTI), as in the DIAGNOcam TM . With both FOTI and DiFOTI, patterns of reflection, scattering, transmission, and absorption of light are important for discriminating between internal structural features of teeth, including the identification of restorations (13) . While DiFOTI has been used to detect lesions of dental caries on approximal enamel surfaces, it is feasible to apply the same principles to the detection of tooth-1 colored restorations because these transmit light differently to natural tooth structure.
Several studies have examined the fluorescence properties of resin composite restorative materials (14) (15) (16) (17) (18) (19) . In a previous investigation, we described in detail the fluorescence properties of isolated samples of tooth-colored restorative materials (19) , and identified that most tooth-colored restorative materials exhibit distinctive fluorescence properties when compared to natural tooth structure, upon illumination with violet light from a light emitting diode (LED) (wavelength 405 nm). Based on these findings, we predicted that fluorescence-aided identification of restorations (FAIR) should be possible (19) .
Little is known regarding the relative performance of FAIR versus conventional inspection or DiFOTI, for the specific purpose of identifying tooth-colored restorations. Accordingly, the aim of the present study was to compare the diagnostic reliability and validity of DiFOTI and FAIR with conventional visual and tactile examination for identifying tooth-colored restorations. The study was performed under defined laboratory conditions with consistent lighting, and in the absence of confounding factors such as saliva or dental plaque biofilms on the teeth. For FAIR, the approach used was illumination with 405 nm wavelength violet light, accompanied by viewing the sample through a long pass filter which permitted light of greater than 520 nm in wavelength to pass (19) .
The study tested two hypotheses: (i) That differences in light transmission through natural tooth structure versus various toothcolored restorations would aid in their identification using DiFOTI, and (ii) that FAIR using 405 nm violet light would enhance the identification of tooth-colored restorative materials, to give more reliable identification than either conventional examination or DiFOTI.
Materials and Methods
The study was conducted with human ethics approval (Central Queensland University approval number H15/03-035).
Extracted Teeth
A total of 55 extracted human permanent teeth were collected from extraction procedures, and stored in 1% thymol solution (Sigma Aldrich, Australia) before being cleaned of any surface deposits by mechanical debridement using hand scalers, and then sterilized by exposure to gamma radiation (20 kGy).
Preparation of Tooth Models
The 55 extracted teeth were used to fabricate three sets of models for both maxillary and mandibular arches. The teeth were mounted in anatomical order in typodonts, which had a soft silicone material to replicate normal gingival soft tissues (model D95SDP-TRM.670, Nissin Dental products Inc, Kyoto, Japan). Once populated with teeth, the six models were stored in distilled water until used, to ensure hydration.
To simulate clinical conditions, each set of maxillary and mandibular models was placed into a phantom head dental mannequin (Columbia Dentoform, Long Island City, NY), and the teeth polished for 60 sec using 1200 rpm with a rubber cup and dental prophylaxis paste (ClinPro TM prophy paste, 3M ESPE, Minneapolis, MN), in a low-speed handpiece (Model Ti-Max X25L, NSK, Kanuma, Japan). The teeth were then rinsed thoroughly with distilled water.
Cavity preparations (n = 55) were performed according to existing carious lesions that were present in the 33 carious extracted teeth, using water-cooled diamond burs in a high-speed dental handpiece (model S-Max M600L, NSK. Following that, either Class I or Class II (Black's classification) cavities with dimensions of 3.0 mm width and 2.0 mm depth were prepared in the 22 caries-free teeth. The tooth-colored restorative materials listed in Table 1 were then used to restore the cavities, according to the standard clinical protocols for each material type. The materials used comprised tooth-colored resin composites, ceramics and hybrid restorative materials such as ormocers, Vita Enamic TM , and resin reinforced glass-ionomer cements. The selection of the shade of each restorative material corresponded to that of the individual teeth, with shade matching being performed under diffuse natural light. Once the maetrials were fully polymerized, the restorations were polished using impregnated rubber polishers (Identoflex, Kerr, Orange, CA; and Sof-Lex TM Finishing/Polishing Discs and Strips, 3M ESPE, Minneapolis, MN). The typodonts with restored teeth were then stored in distilled water until used, and between examinations. The dental clinician who placed the restorations was not involved in the subsequent phases of the study involving detection of restorations.
Examination Protocol
The models containing unrestored and restored teeth were mounted into a phantom head dental mannequin. The teeth were kept in a moistened state during examination by periodic rehydration with water. Four clinicians (two dentists and two oral health therapists) served as the examiners. They were provided with written instructions for the examination protocol, and each received the same training in the use of the DIAGNOcam TM and the FAIR method. No time limit was placed on examinations. The examiners were instructed not to discuss the findings among themselves for the duration of the study. Each examiner charted all teeth for filled and unfilled surfaces using (i) conventional visual and tactile examination, (ii) DIAGNOcam TM , and (iii) FAIR. The examinations were conducted using the three techniques in the same order on every occasion. The examiners repeated the charting using the same protocol after 4 weeks, to calculate intra-examiner variability. In total, each examiner produced 18 sets of records (3 sets of models 9 3 methods 9 2 repetitions).
Conventional visual and tactile examination was performed using a double-ended sharp explorer, conventional mouth mirror, and a three-way triple air/water syringe, using white (daylight color temperature) light from a simulator-mounted dental LED lamp (white HB-LED dental light A-dec, Newberg, Oregon) with an intensity of 30,000 lux. DiFOTI examination was undertaken using the DIAGNOcam TM (KaVo, Biberach, Germany) according to the manufacturer's recommended method for transillumination for dental caries diagnosis, using normal room lighting. The light source in the the DIAGNOcam is a pair of 780 nm, 15 mW diode lasers. The illumination delivered from the DIAGNOcam onto the teeth corresponds to a Class 1 laser according to EN 60825-1, and is <1 mW from the occlusal delivery tips of the handpiece. Because of the design of the handpiece, no extraneous light enters the optical viewing system, so the system can be operated without using subdued environmental lighting.
Examination using FAIR was conducted with the aid of a mouth mirror and light from a light emitting diode (LED) array (9 LEDs), which had an emission wavelength of 405 AE 10 nm (model SEFL33UV-405, SE Electronics, Shanghai, China). The LED array was attached to the handle of the dental unit light (Fig. 1 ) so that the examiner could adjust the incident light in a similar manner to a conventional dental lamp. The examiners wore orange-colored protective glasses which filtered out the violet incident fluorescent light and any reflections, but allowed fluorescence emissions to pass through (long pass filter cutoff k ≥ 520 nm). When using FAIR, other light sources were turned off in the examination room, to ensure darkened conditions, following the same approach used in previous studies. This method was chosen as it could be applied clinically without changes to the regular dental surgery setup.
Statistical Analysis
Statistical analyses were performed using R version 3.3.1, Microsoft Excel â , or SPSS version 19 software, with the threshold set at the 5% significance level. For each method, the sensitivity and the specificity were calculated with a 95% confidence interval, using Pearson's chi-square test for association. The positive and negative likelihood ratio was calculated to assess the efficiency of each method, but since this analysis resulted in multiple values, only the highest values are presented in the results. The variations between the methods and the intra-/interexaminer variations were evaluated using a two-way ANOVA, and statistical significance was determined by the Tukey posthoc test. Receiver operating characteristic (ROC) curves were determined. These curves reflect how well a given test can distinguish between a true condition and a predicted condition, since the greater the area under the curve, the better the test. Finally, the average sensitivity and specificity of all three methods were determined, and the inter-and intra-examiner agreement evaluated using the kappa statistic.
Results
The sensitivity of detecting tooth-colored restorations using FAIR was 95% (confidence interval 92%-97%), which was significantly higher than both conventional examination (71%) and DiFOTI (82%). The DiFOTI method using the DIAGNOcam TM detected 10% more restorations than did the conventional examination, and gave slightly higher true positive predictive values. The specificity was higher with FAIR (97%) than conventional examination (82%) and DiFOTI (82%). Summary data on the sensitivity and specificity of all three methods are presented in (Fig. 2) . A representative image showing FAIR is presented in (Fig. 3) , which shows one set of models when illuminated under white light and under violet (405 nm) light.
The positive likelihood ratio of detecting tooth-colored restorations was 33 for FAIR, 4.81 for conventional examination and 4.84 for DiFOTI. The corresponding negative likelihood ratios (for identifying unfilled surfaces correctly) were 0.08, 0.2, and 0.41, respectively. Based on the classification table for sensitivity and specificity (Table 2) , FAIR was found to be the superior and most reliable method for detecting tooth-colored restorations. This was in keeping with the receiver operating characteristic curves, which showed that FAIR had the greatest area under the curve.
In terms of variation between and within examiners, using a two-way ANOVA test, no statistically significant inter/intra examiner variations were found for identifying filled surfaces (p = 0.381). However, there were significant differences between the three methods for detecting filled surfaces (p < 1.27e À09 ; Fig. 4) . The Tukey post-hoc test revealed significant differences between FAIR and conventional examinations, and between DiFOTI and FAIR. However, there was no significant difference between the conventional examination method and DiFOTI.
The intra-examiner agreement for FAIR (mean kappa 0.85) was significantly higher than that for DiFOTI or for conventional examinations (mean kappa 0.56 and 0.54, respectively). Interexaminer agreement was greatest for FAIR (kappa 0.82), and less for DiFOTI (0.56) and for conventional examination (0.54).
Discussion
This study provides several insights into the performance differences of methods used to identify tooth- colored   FIG. 1--Simulation setup for FAIR. restorations. FAIR showed improved sensitivity when compared with both conventional examination and with DiFOTI. Likewise, the specificity for FAIR was superior to both other methods. FAIR gave significantly fewer false positive results (6.6) compared to DiFOTI (15.5) or conventional examination (27.1). It is possible that the estimation of specificity could be excessive because of the inclusion of many sound surfaces in the sample material (319 surfaces) (20) . Nevertheless, the In the present study, we used an LED light source for illumination of teeth during FAIR. The stated wavelength of 405 nm had a 20 nm spectral bandwidth (i.e. AE10 nm), which is typical for a near-coherent LED light source. Using LED illumination was found to be suitable in a previous study (19) , however a monochromatic light source such as a semiconductor diode laser could also be used to elicit fluorescence in the same wavelength range. Major advantages of an LED light source over a laser are a larger spot size, and thus much reduced optical hazards. Device temperature influences the emission wavelength for both LEDs and diode lasers, since as the device temperature increases, the wavelength becomes longer. Thus, any light source used will have some degree of spectral bandwidth to be considered.
Currently available tooth-colored restorative materials fluoresce with varied intensities based on their composition, that is either greater or lesser than that of the adjacent tooth structure, hence making them appear different to the adjacent tooth structure. Restorative materials do not exhibit meta-merisim under all wavelengths of light (14, 21, 22) . In the present study using FAIR, the restorative materials that were most frequently missed were VOCO Admira TM and 3M Filtek Supreme XTE TM , which fluoresce similar to tooth structure. The results suggest that FAIR method had very significantly less number of false positive results. FAIR can also facilitate the discrimination of two different brands or materials used in restoring different parts of the same tooth, as these different materials are likely to fluoresce differently.
Under 405 nm excitation, human teeth exhibits greenish fluorescence, with dentine fluorescing more strongly than enamel (23) . An absence of tooth structure (such as an area of non- 
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carious tooth structure loss) will show less intense fluorescence than healthy tooth structure. Likewise, a restorative material that is non-fluorescent will also appear darker than adjacent healthy tooth structure. An examiner can disnguish between these two scenarios quite easily because of the differences in the contour of the teeth when a restoration is present, compared to when tooth structure is missing because of erosion, attrition, abrasion, fracture, or other causes. DiFOTI was better than conventional examination for detecting filled surfaces in terms of both sensitivity and specificity. DIFOTI is based on the differential patterns of light scatter within teeth (13, 24) . Such scattering events are wavelength sensitive (25) . The DIAGNOcam TM employs near-infrared (NIR) light since enamel is transparent, while dentine scatters more strongly due to presence of water (26) . Restorations scatter light and appear dark, and the extent of this varies according to the material composition (Fig. 5) . When a restorative material scatters light in a manner similar to dentine it is harder to detect. Most ceramic-based restorations absorb near infrared light and appear darker, making ceramic inlays and onlays easy to identify. Full crown restorations in ceramic-based materials obscure the normal pattern of translucent enamel and underlying darker dentine. This can be subtle and, therefore, could be overlooked.
In the present study, the positive likelihood and negative likelihood ratios were greatest for FAIR, making it the best of the three diagnostic methods used for detecting the tooth-colored restorations. Even though the time needed to complete an examination was not recorded in this study, all four examiners stated that using fluorescence made examinations seem quicker and easier to undertake.
Conclusion
For detecting tooth-colored restorations, FAIR was superior to DiFOTI and conventional examination methods. This method is simple to use, low in cost and time efficient, may be applied in forensic dental inspection. DiFOTI improves the identification of occlusal and interproximal restorations in posterior teeth over conventional visual and tactile examination.
